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ARSTRACT

A method for representing a grove of trees by an imperfect
dielectric slab is developed and illustrated, The method considers
leaves as conducting bodies and bark and wood as dielectric bodies
using artificial dielectric and dielectric mixture theory to compue
the r-=al part of the dielectric constant of the propnsed slab. The
imaginary part of the dielectrir ccustant of the slub is computed
from measured attenuation data. The method 1s illustrated using
data from a real forest to compute the characteristics of an imperfect

dielectric slab.




I, INTRODUCTION

It is well known that tress surrounding & receiving antenna have
a decided cffect on received signal strength at frequencies abovii -
approximately 30 megacycles per second. These cffects are know:jh
qualitatively, but l'ttle has been dona to give them a quantitative value,
Quartitative information on the signal loss duc to ti1e¢es near the antenna
would be valuable for selecting an optimum rcecelver site, computing the
cffccts of a large forest on wave propagation, finding the optimum
antenni height at a given locacion, the effect of a forest on the coverage
arca of television stations, and other problems, Thus, the problem in

tais study is to develop an apprositnate mathematical mod .1 of 4 rove

of trees for use in theoretical calculations of field strength in the
vicinity »f the grove of trees.

One approach to the problem is to represent the grove of trees by
a random distribution of short conductors and dielectric hudies from
which the dielectric <urnstant is computed., The attcnuat_ion is then
determined from loss measurements., This is the approach adopted
for this study,

First, the two principal tree¢ types and some of the - -ircipal
forcst types in the United States are considerca. They as« o ated

and described in terme 3¢ physical characteristics such as the names

and description of major spucies including size and appearancr, A
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general d sc. iption of tha | “‘agy, +icluding such thivgs as shape, sizc
and some variations from species to specics is presented.

Second, a statistical description of a fully stocked (}node:_atel_y
dense) even-aged forest stand is presented. Thesc statistics mcludc
such things as the number of trees per acre, average diameter at |
brezst height, basal area per acre, average heigh:s, c¢stimated o
measured volumes of wood ans bark per acrc as a function of age and
perhaps the ctaracteristics of the site. These data are used in the
synthes1s of the dielectric slub model.

Third, the electrizal properties of wood, bark, a d leaves arc
rnported, shey are measured ¢~ estimated from the phetical zt-ucture
and moisture content of the subjcct. Cons’'deration is gven to such
facto1 o as frequency dependence of th. diclectric properties a-d
variations in the moisture content of the wood,

Fourth, methods for synthesizing the clectrical propertics of
wood, bark, leaves. and air into the dielectric propertics of an iin~
perf oct dielectric slab are derived.

Fifth, the method of calculaticn is illustrated by an example
followed by a summary.

The dielectric slab conccpt is adopted hezausn of tir: a.«ipleity
of application and the avaiiability of a suitable program for calc lat.o

by mecans of a digital compu'er,



II. G/.NERAL REMARKS ON FORF31S

A forest is a large aren of land covered by a moderate to dense
growth of trees. A forest may or may not have underbrush, Some
forests, for example, do not even have grass growing under the tivcn

Atrec is a "woody perenaial, sced-bearing plant’ i "which awt
masurity is 20 {eet or more in height, with a singl.- trunk, unbranched
for at 1enal several feet ahove (he ground anc having a more or less
definite crown."Z This definition cannot be taken as absolute but only
as a guide, For example, some willow trees have multiple stems
while many trees do not reach 20 feet in height under adverac conditions.

In this study. a tree is con.idered as made up of thioe pri.cipal
componente - wouod, bark, and leaves. A number of components arce
neglected Ly such a division, Thesc includ» the roots below the ground,
the buds, flowers, f{ruit, and sced normally found above ground, and the
cambium or growing layer between the wood and bark. It is also
necessary to neglect roime variations within the wood, bark, and leaves.

Foresters gencrally divide forest trecs into two groups;

(VY n-ters or softwrnods, and (2) brvadleaf trec r or hardwoods. Thore
arc some minor e«ceptions to the above classif'catinrs ki, (h.y are
insignificant to this etudy. A survey of the literature, fo, cxa aple,
shows that a few conife~s zxhibit some characteristics like broadlcaf
treces and vice versa, Thesc two groups of trees generally diff++« 1n

crown form, frar-hing habiis, and wood structvre as weil as leaf chape,

-3



A. Conifers

Conifer is a common namc forcsters use instead of the
scientific name gymnosperms. Coniier literally means cone bearing.

The terms softwoods and evergreens are also used but thesc terms arec
misleading since some conifers are not evergreen and some softWoori
Jumberr is harder than the lumber of some laa.rdwood::.3

Most conifers tend t» nave conicallv shaped crowns, In the
forest, however, competition forr:es the crowns to be more cylindrical
in shapce, smaller in horizountal dimeusions,and the base of the crown to
Le located at a greater height above the ground,

The conifers generally have small, relatively shert, nearly
horizontal branches. These branchec are usually of small diameter com-
pared to the trunk and do not significantly affect the trunk's diameter;
i.c., the diameter above and below a given branch is approximately
the same. This structural form means that almost all the wood volume
is present in the stcm.5 Probably more than 80% of the wood volume is
coutained in the stem of large trees,

Counifery are resinous trees with needle~- or scalc-like leaves.
The lcaves are cvergreen on most conifers but certain cyp=~3+ tamarack,
and larch shed their lecaves in the Fall, The leaves may be in.ste singly
or in clusters.3

The sced of most < onifers are, as the name implies, borne

in cones, but the juinipers beer a bterrylike secd, and the yew a tleshy




scarlet disk. The conifers inc':de cyp-esses, pines, hemlucks, spruccs,
firs, ccdar, tamaracks or larches, pinyons, vews, junipers, the giant
sequoias and x'edwoods.3

The celluiar structure of a conifer wood sample is siiéwﬁviﬁ
Figure 1. Up to 90% of the volume may be occugpicd by ”VCI’tiCuIl;’j %E;ic}nted,
thick-walled dead cells (of nellulose) viryinrg in length from 0.5 to 15 :
millimctcrs.“” Transversely, . .iented wood rays are alsc present,
Note from the figure that large, vacant volumes arc present wnich are
filled in the trce by gases and w‘zter.6 All of these have an important

cifect in detesmining the dielectric properties of the conifer wood.

B. Hardwoods

Foresters use the term "hardwood' instead of the scientific
name angiosperms cven though palms and yuccas are angiosperms but
not hardwoods. Hardwoods are also called broadleaf trees and deciduous
trees but the term de«iduous can lead to confusion becausce 2 few hard-
woods have evergreci lcaves,

Genecrally, hardwood trecs tcnd toward spherical, cllipsoidal
and cylindrical c'rowns.4 Their crowns tend te bc proportionally larger
in horizontal dimensions than the conifers., In the forcst, . -i.ctitiou
cauyes the crowns to be narrower than shade tree hardwooc pr.files
indicate.

The different crown shape covers a different branching

structure in the bardwood. The branches of hardwood trees are relatively
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large coinpared to the trunk, Thus, often the stem is coneiderably smaller
avbuve a branch or circle of branches than below the branch, Near the
top, heavy branching causes the stem to lose in gize x-apidly,q In many
specics, the branches form an acutc angle with the trunk going qu’.'ard
as well as outward, These branching habits add up to a smailer pcréb‘ntagc
of the total wood being found in the stem of h:zrdwoods.s ”
Hardwood trees arc *on-+»cs'noue and have broad leaves, The
leaves may ke simple or compound, i.e., made up of lcaficts, Most
species shed their leaves in the fall, i, ¢., are deciduous., , However, live
oaks, magnelias, American hoily, laurcl oaks, redbay, Jaurcl cherry,
‘nany small tropic 1) and subtropica! trres, and possibly a few other specics
have green leaves threughout the winter, The lecaves of hardwoud trees
are net veined, the seeds are enclosed in a fruit, and the bark is distinct
from the wood which has annual rings, The hardwoods include catalpa,
dogwned, maples, ashes, box elders, buckeyes, walnuts, butternuts,
pecans, hickorier, mahogany, locusts, sassafras, mulberry, osagre-orange,
gums, sycamorcs, maguolias, bays, tupclos, persimmon. holly basswood,
clin, hackberries, cottonwoods, popiars, birches, willows, cherries,
beeches, chestnuts, oaks, ‘aluer, buckthorn, madrone chinquan:n, and
perhaps othe l‘H.3

Wood structure of a hardwoou is illustrated in Figure 2. Its

structure is mo.c¢ complex th . softwood structure, Most hardwoods

cuntain vertiealle ~riontod ritkog and vortins !’ oriontoed wood fipore
contany vortically rrionte iz es ne vertiza: oy rienle WO E IRerE,




P The ¢t ~f function of the zubes 18 to conduct water, but some ot the olde:
tubes become blocked, Quce agai:, a considerable volume of the wood

is occup.cd by wair and gases,
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I .PES OF FORESTS

111,

The original forests covered about 487 ot the total areu of the
. 7 . o

United States but this amoqnt has been reduced consideravly by
lumbering and clearing for agricultural and other purposes. There

no 8
are 1,182 different kinds of forest trees in the vrag nal 49 statos of
‘whizh, over 100 are of comunercial importance. Miay other species
can be found in Hawaii and Ala-ka,

The forust classifications and locations used throughout this

: 7 o

report are from Shantz and Zon,  who divide the natural forest vegeta-
tion anto 12 regions and 18 subregions. (The areas specified as regions
~ this report were called subrey ons by Shautz ars Zoa

The western forest reg.ons arc spruce -fir, western white pine -
western larch, Douglas-fir, redwoud, pinyon-juniper, chaparral,
ponderosa pinc - sugar pine - incense-cedar, ponderosa pine -
Douglas-fir, and lodgepule pine,; The castern forest regicns are spruce-
fir, uorthcastern vii.ee norihera hardwood, chestnut-chestnut vak -
puplar, oak-hickory, .ak-pine, cypress-tupelo - sweetgum, southerwn

pines, and mangrove,

These regions may be located by use of the map (F v 3) with
. 1 i
more detailed data 11 Shantz and Zon. Thic nap s as 4o tation «

. . - 9
Shantz and Zon's original 1yund in Forestry Handbook
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IV, S7ATISIICAL DESCRIP1ION OF FORES!

In order to approximate a forest by a diclectric slab ar 1e
necessary to know within reasonable limits how much of the overali
volume represented by a forest 1s vccupied by wood and bark and the
numnbker of leaves, This 18 necessary since the diclectric - operties
of wood, bark, leaves and a r differ

Information of this type 1« optaied {rom yieoid tables which pre-
dict the woud available fiom an acre of land fully tio lod = thtroes.
[hese tables normally give the Mtotal” {or somct.mes merchantanle)
cubic feet of wooa n the stems of the trees onanacre of land  1hns
vield 18 usually givenag a functics «f wyc and site quality for a particular
species of trec.

The vield tables serve the reeds of the forester well bit must be
modified to include the wood and bark in the branches, tree top, and
stumy since these are important in this study.  Au estimate of the
number of leaves must also be made since this data 1s not normally
availables

It 15 bevond the scope of this paper to present voluties of bark,
wood and leaf quantities fo, all important specics, bul au ¢vawonple wili
be presented to tllustrate the methods used 1 vompibiag ¢+ atore: +ton

To clardy the data to be prosente. a ew terms vl be detined

and discussea




““eld taples,which [crm the basis ot the data used in this study,

ar~ prepared for even-aged stando of onc species o groups of species
that are fully ur normaliy stocked (fairly dense)., Even-aged means
that the members of the sland are of about equal ag~* that 1s, all
started growing within the normal 1une for natural replanting. This
may be one or more years,

The age of a tree 18 expressed 1 years Age s usually determaned
Ly wu.ing 4 sample out of a tree at breas3. height and counting the mimber
of annual rings. The forestcr then adds the numher of years that he
vstimates 1t touk the tree to grow to breast height,

The diametex at breast height of a tree {d.b.h.) in inches :s
measured outside the bark at a poiat 4-1/2 feet above the ground., For
elliptically shayed stemns, the major and minor axis values are averaged.
The average diameter at breast height in the tables is the d. b.h. of the

tree of average basal area.

The number of trees per acre (N) is a count of all (rees with a
d;o,h, greater than a certain value selected by the 1avestigator

The basal arca (Ab) per aur in square feet s the sum of the
ar~as of all trev stems at breast herght {larger thana o o0 L o)
on an average acre of tand fully stocked with trees. Tadiats - stem s

considered as a circle for purposes of 2 ea calculocions.




P g

14

Dominant 11ees are those with crowns extending
above the gencral level of the surest canopy, recewvng full
Light from abi ve ano partly from the side. they are larger
than the average trioe n the staend and have crowns that are
well developed though they may be somewhat crowded on the
sides,,

Codominant trces are those with crowns which form the
geieral level of the forest canopv and recewve full light from
above but comparatively little from the sides: they are usually
trees with medium-~sized crowns that are more or less crowded
on the sides

l_n_levmediatg trees are those with crowns below, but ¢ 11l
extending iato the general level of the forest canopy, receiving
a hittle direct light from above, bhut none from the sides, these
trees usually have small crowns that are shaded on 2ll sides

Overtopped trees are thos. with crowns that are entirely
below the general forest canopy and recewve no direct light

17
either from above or irom tie sides.

The average height of the dominant and codominant trecs :Hd) 1
the average of the heights (ground to tip) of only the denune* od co
dominant trees, The avera~c height ot ar. the trees (H'x) wicludes all
tour classes of tue same appi ximate age.  The ”a.' for example vould
s 3 ten year o1l seedhing 1o a fifty year o ostand, Forest m-lgmmf)

1 o term coed tor use 1n this piper and 15 an dyerage ol the averdpe




height ~f ths dominan! and codominant trees and the aterage Lewagh’ o

711 the trees. Forest height, the., is an average of the two average
ha'glis as delaate” above, Forost height, ar i1l be powntec out later,
18 a1»0 assumed to be ‘he height of the imperfect ' 'retric slap by
developed {or use in signal strength calculations,

The volume of wood 1n cubic feet (Vw\ is taken from t!. yield table
In some cascs, the original values shunld be mult.phied in 2 vetimated
Culioction factor 1n order tu obtair the total wond volame on an acre,
This correction facter is based on the structure of the tree ana the patrs
of the tree ru included 1n the volume repurted in the yield table.

The bark ve's me 1in cubic feet (Vb) per acse 18 taken from the
yield table (with estimated corrections as above) or estimated using
experience gaiied from other species and various percentage values
found in the literature.

Annual leaf fall (WL) in pounds and number of leaver (NL) per
cubic meter iire approximations mad. from meager data. These leaf
estimates are based on a few reports on oven dry weight ot the annual
fall and the average hive lite of . 'eaf.

‘

Per unit volumes of wond {- w‘ and bark (vb) are Cun e U, laking
the base volume to be that of a rectangular sohid of 17,5+ arc fewt

~ase area and a height equal to the fore . heiglu,

A statisii.ae descripvoon for loblslly pine 1s given an 1o ule 1
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should be remembered that the figures given in Tavle [ arce for

fully stocked, even-aged pure staucs with little or no uaderbrush  This
may give some fe >l for uaderstocked areas, however,

At the present time, it 1s not clear how to get *he best estimates
on undersiccked areas. One might assume that wood and bark per un:
volumes are directly proportional to basal area or ¢an perhs 5 be

expressed as a function of basal area.




V. D! .LECTRIC PROPERTIES OF WOOD

Wood has long been used as a dielectri¢ material, oo, dry
wood or woud with, a low moisture content. The moisture content 1§
normally reported as a per cent of the vven dry weight of wood,

Expressed mathematically

wet dry 7
MC = 100 | = ——mm — | (1)
: w
2 dry -
where MC = moisture content in per cent (by weight)
WW - weight of the wood when 'wet' 1 ¢ hofare
¢
oven drying
W = weight of we o when Moven dry v
dry

The wood (1, e., seasconed lumber) used to build houses, turiture,
etc., has a moisture content of approximately o to 24 per cent depending
on the metl od of scasoning and the relative humidity where it 1s seasoned

14 " .
and used. However, this studv is concerned with Living wood
Wood which has vist been cur 1s referred to as green woud  Green

woud wnitially has the same welga!  physical stradiare, ana moisture

content as hivigg wouds Oniy the rresence ot growth proc s o dioongiish

the Livang wood.  Theretore, 1t 1s reasonable to assoy e te gt veons wood
and hiving wood are clectrically wdentica

Muotstur. Goatents tor groen wood are availlable i Wood Haudbook
it 1g tmmediately oovicas from study g this info. mation that g

gianbties ul Water are prosent an the wood ot g living teee

-l
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A 16, 17
T.keda ~ and Stamm ' nave suggested that the water present

«0 timber be grouped in three classes
{i} strongly bound water (moisture content roughly
J to 5 per cent)
(2) weakly bound water or capillary apsorbed water
{moisture conteat roaghly £ to 30 per cent)

{3) nearly free water \moislui conter: greatex trar

30 per cent).

Reported dielectric cunstant curves seem to indicate that
these classes change gradually from one to another,

Bouud water 18 reported to Lave much ‘onger relaxation time

15 . . ..
than free water ~ leacing to a lower dielectric constant for wood at
higher frequencies.

Wood definitely has anisotropic dielectric properties. The
dielectric constanr in a direction paraliel to the long wood vessels
(longiudinal) 1s conswderably greater than along a radius of the tree
vounk (radial), or tangent to the wood rings (tangential), or any other
direction perpencicular to the wood vessels (transverse),

18 . . s

Skaar ~ explained the anisotropy as follows:

The paralicl-tu-grain constaut of wood
nificantly greater *han the corresponding pernvendicular-
to-gravt constait, ag reason for this ditterence 1nay

be resdent in the lamdate stricctus ot the (=11 wall

>

-




The rellulose component of ccll walls consists of chain

molecules which are in pa u.llel at intervals throughout
tleir isngth and L:nce form crystallites, The long axes
of the bulk of thesr crystallites are essentiallv parallel
to th~ long axes of the cells of which they are a part, and
hence they are parallel to the grain of the wood., On %«
sides of the chain molecules, hydroxyl groups and water
molecules are so arranged that rotation or vibration may
occur more readily in an electric field which is parallel
to the crystallites than in one which 18 at right angles to
them. The degree of the rotatiun of the molecule 1n an
electric field contributes to its dielectric constant,

This may explain the directional differences in the

dielectrical constants as determined.

Since the mudia is anisotropic, the dielectric conswent of wood
to be used can be chosen only after consideration of the E field direction
s the forest, Tree trunks can be considered (in most cases) to be
veriical and perpundicular to the ginund,; Thus, for vertical polari-
zation, the longitudinal dielectric constant 1s used, Simi'».! , for
horizontal polarization, a iransverse dielectric constant . -ed.
Substituiions and estimate 5 will be used where the required information

is not available,
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. 18 -

Sitaar  ceports that the dielectric constant of buckeye wood .
increases with moisture coaient {F .gure 4). The measurements were
made at 2 Mcp:r.

19 .

Hearmon and Bur~ham ° repcrt measurement< of the dielectric
properties of oak and Wych elm. Figure 5 is a plot of dielectric conste
versus frequency, and Figure 6 gives the corresponding resu' - for the
loss tangent. Hearmon and Burcham report dielectric constaats greater
than 400 for low frequencies. These values seem soruewhat high and out
of line with those reported by other workers. They attribute their high
values to 'polarization efiects caused by electrolytic conduction in the

. 19
material,"

20 -

Trapp and Pungs =~ reported on the dielectric properuies of a species
of fir wood which is probably common in Germany., Figure 7 shows that the
dielectric constant increases with mvisture content. Figure 8 shows that
the dielcctric constant decreases with increasing frequency Notc that at
high moisture contents and low frequenc.es, the dielectric constan, of fir
wood approaches the dielectric constant of water. Figures 9 and 10 give the
corresponding luss tangent data w:.ich shows that green fir wood 15 a very
lossy dielectrics In fact, at the lower frequencies the conl'to*<uu cu. rent
exceeds the displacement current so that it acts more 'ihe . ¢ nductor than
a dielectric.

: 15 )
Takeda e de measurements on basswood whiteh are of limated

value to this study and are readily available in the literature,
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Th data presented in detail 1n this section werce not taken on rhe
speries of greatest interest .n this ¢ .dy; however, the 1ata indicate that
the dielectiic prope ‘ties of green wood, whatever the species are primarily
dependent on moisture content, The wood structure of conifers and hard-
woods ditfers -onsiderably, however, so it seems reasonable to use contter
data to estimate the dielecti c properties where possible, of comiter woods
rather than hardwood data., The wuod dielectric da.a presently available
arv »u incomplete that it cannet be said whether spec'es to species varia-
t.ons among the conifers or among the hardwoods arc significant,

A second possibility exists for the treatment of the stem and branches
nf trees in a forest in determining the electrical properties of the forest.
The cambium layer, growth layer, contains a great deal ot oisturc 1
which there are many dissolved SubStar\ces;6 therefore, 1t probably has a
relatively high conductivity, Inthis case, 1t 1s possible that the cambium
layer eficctively forms a conducting sheath aroand the wood parts of the
trunk and branches, ln such a case, the wood parts of the tree should be
represented by conducting bodies of the same shapus. These shapes would
be approximated by vonducting so’.ds of sumpler goormieis, such as cones,
cylinders or parawsvioids, Tiis approacu to the problem 1s ot considered

1 this paper.




Vi, DILLECTRIC PROPERTIES OF BARK

Diclectric measurements on loblolly pine bark were made and
are reported 1n cligure ! The method of measurement is described
in Appendix C, The results show a decrecase in dielectric constant
with increasing frequency. The loss tangent curve of the vark
(Figure 12 ) appears to he very similar in shapc to a portivn of the
loss tangent curve for fir wood (6% MC.) given &y Trapp and Pungszo
tPhrgure i01, The meastrements on loblolly pine vark were inade i a
radial direction., It is very probable that results would be different in
a longitudinal or tangential direction due to the layer structure of pne
bark,

The sample measured was taken from a large loblolly pine
Bastrop State Park, Texas. The sample extended from a tangent to
the cambium layer outward about 4/10 of an inch. The measurements
were made in February, 1963, It 18 proba .¢ that somewhat different
values would be ohtained at other seasons, relative humdities, physio-
logical condition of the tiee, and weather conditrons. For example,
measurements on bark immediate.v after a rain would probaniy give a

higher dielectric constant,

-30-
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VIil, MELECTRIC CONSTANI OF A MIXTUREL

Strictly speaking, the term drielectric constant can be applied
only to humogeneous substances, However, the concept of « diclectre
constant rar be successfully applied to mixtures coluposed ot two or
more substanceq.?'l The dielectric constant of a mixture of several
things can be expressed as a function of the uiclictri” properiies of
each material in the mixture, the geometric shape ot the particles ot
each mater:al and the proportion of the total volua.. vecepind by cach
material, Two limiting cases of a parallel plate capacitor with multiple
layers will b~ considered,

First, suy,us= the planec of di~jectric layers are parallel to the
applied E ficld as shown in Figure 13a., [I'his can be considered as a

group of capacitors in parallel, Therefore

= C - DR C .

Cp +C,+CtCyt +C . (2)

But for parallel ~late capacitors
}:tor\
¢ o= 3
- (%)

where C - capacitance

K - dielectric constant

€ permittivaty of free sp e

d - Sepa.cwei.on between plates

A = arei .fpl eg



PARALLEL. PLATE CAPACITOR WITH

DIELECTRICS IN PARALLEL

I—IG boa

t
1

FARALLEL.  PLATE CAPACITOR WITH

DIELECTRICS IN SERIES

FIG 13
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The above equation can now be written
(]
Km OAI i KIEOAL . Kz(oAz ..
d d d
Kn"oAn
ta )
dZ
Muit.plying both sides by — results in
‘o
KmVT = \JIK1+VZKZ+~ +vnKn (5)
where vV = volume

DL Lwding both sides by VT and let ing v, = peroant VOlUllis UJ via o 1

gives
Km = VIK1 TV Ky et vnKn (6)
n
K = Z vi K (6b)

1"

For dielectric layers perpeud cular to the ficld hines; the
effective condenser may be constav. od as made up of a series .t

parallel plate condensers (Figure ! ). For this case

..l_—.]:.-+_.l..+ .;+.l_ (7.
CT &,1 <, t,“ ’



as betl re

o'
2 —— (8
o] - )
thus
1 1 1
= + ot —_ (9)
choA KlioAl _‘__Z*OAZ _IineoAn
d 9 4, 9y

Multiplying both sides by (o/. “ard simplhifying gives

.Y_I. .v—l + Xl 4004 -\—,EI— {10)
K K K K
m 1 2 n
Lividing through by VT results in
v v v
1 1 2 n
—E w—m  m— e 11
K K 'K 'K (h
m 1 2 n
or
Ty
1 \; i ‘
K - ; K_ (]Ab)
m l=] 1

In the examples considered iu this study, the distributions of
particles in the medium ure much more complicated tha» b two simple
. 22
cases illustratea, However, Wiener has showinthat £0r . v s
; 1
the actual dielectric congeant lies between the eatreme values goven

above,



22 . : :
Wiener ~ derived a4 gencral equation for mixtares. This set, of

general ejuations may be v, o

-1
K_ - K 2 K. - K
_m_n Ny 1 m (12)
K + U L i K + U,
mn m =1 1 i
where
Km = dielectric constant of the mixtur.
Kn = dielectric cc astant of the medi~
Ki - dielectric consiant of the difterent materials
scattered throughout the media
v, = per unit volume of the scattered materials
“1d
n-‘l Ki B Kn
) ViV K 3T
,f—=41 i 1
Um = (13)
n-l g -K
1 n
\' -
Z i K +U,
i i

and Ui is a parametrr determined by particle geometry and oriwentation
fu. simple cases. U has been given for several commor skape s by
. 22 21 .
Wiener aud lartshorn and Saxtoa, See Table II.
It will be noted that equation (12) reduces to equ:tion () wheun
u =% and to equativiw (11) when u =0, For purposes of t".. -rudy,

equation (I12) is valid 1f




Values of 10

TABLE il

Mixtures - Equation (12)

"+ Vige .r the Dielectric

geometrical shape orientation ! U
i 1

sph a »
pheve ny i e
circular cylinder perpendicular to €

. n

field lines
thi iscs ‘and o
in disc rand m Gdisk

needles randora

layers or laminates planas of laminate ®
parallel to field |
layers or laminates planes of laminate 0
perpeandi-ulir to field
< <
! Kn < Kn-l Kn-Z - "n-3 < Kl (14)
n-2
and 5 v.K.+ v K
11 nn
4
2 K ,z (15)
n=-= l1-v
n-l
Condition ] can usualiy be satisfied by careful choice o1 the ordir
of K]'s.; It will be sho.n later that this condition is also ned . the

example given. Therefore, the matheniatical rest-ictions are met and

formula (12) n.y de used,




VIil, “LECTRICAL PROPERTIES OF LEAVES

Since no measurements on tho diclectic propertir s of leaves
were found in the iiterature, approximate measurements were made
by the method described tor the bark of the tree in S.ction VI

The high conductivity of the leaves and metal tu leaf ~ontact
problems made the measurements of questionaole value. W. le the
diclectric measurements were not compleirly successtul, they did
indicate thet for frequencies up to 40 megacycle. :nd prohanly higher,
green leaves act as conductore rather than diclectrics, This con-
clusion is further supported by the composition of leaves themsclves.
Water, in which .iany vhemical substances cre dissolved, makes up
52% to 78% of the total weight uf a green leaf.,b Apparently, soine of
these dissolvea chemicals radically increase the conductivity of water,

Since the leaves are 1o be considered as conducting bodies rather
than ielectric bodies, the effect of the leaves must be handled by ineans
of artificial dielectric theory., W. L. Kockzs' 24 has develuped two
types of artificial dicl _ctric which have some of the rario frequency
properties of ordinary dielectric (oaterals,

The first type has a .efractive 1naex ot less than une {. < 1)

where
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The gec. ad type of artifizial dielectrics is referred to as metallic delay
N . Kok q
d.clectrics and has a refractive wuex greater than 1{n > 1), Kock

describes the basic idea ot delay dielectrics as follows:

The artificial dielectric rmatcrial which constitutes the
delay lens was arrived at by reproducing, on a much iarger
scale, those processes occurrirg in the molecules of a
true dielectric which proed ce the observed delay ot electro-
magnetic waves 1n such dicdeetmies, Thi- involved azranging
metallic elements in a three-dimensional array or lattice
structare to simulate the crystalline lattices of the dielectric
material. buch an array rtespouds to redio waves just as a
molecular lattice responds to light waves; the iree electrons
in the metal elements flow back and forth under the action of
the alternating electric field, causing the elements to become
cscillating dipoles similar to the oscillating molecular
dipoles ot the dielectric. In both cases, the relation between
the effective dielectr.c constant ¢ of the medium, the density
of the clemeats N (number per umit volume) and the dipole
strength (polarizability a of each element) is approxinately

given by

£ e + Na (2)
) (18 1n thig study)
where €, F the dielectric covstant of tree space.,




There are two requirements which are imposed on
the lattice structure. First, the spacing of the elements
must be somewhat less than one wavelength of the shcrtest
radio wavelength tou be transmotted, otherwise J.l{raction
effects will occur as in ordnary dielectrics when the
wavelength is shorter than the lattice spaciry (X-ray
diffraction by crystalline substances). Secondly, the size
of the elements must be small rclative to the prinimrm
wavelength so that resonance effects are avoided. The
first resonance occurs when the element size is approximately
one-half wav _I-ugth. aud for frecuenaies iu che vicinity of
this resonance irequency the polarizability w ot the
element is not independent of frequency. If the element
size is made equal to or less than one quarter wavelength
a* the smallest operating wavelength, it is found that o and
hence € 1n 2quation 2 (18 in this study) is substantially constant
for all longer wav.lengths,

Since lenses of this typc will effect an ¢cqual amount of
wave delay at all wave'engths which are long compaicd v e
size and spacing « the objects, thney can be desigacu '
operate over any desired wavelengt band . e

Aucthe  wa' of looking at the wave delay produced oy

lattices of small conductors 1s to consider them as copaciative




¢. menis which '"load" free space. just as parallel capacitors

on a transinission line act as 10ading elements to reduce the
wave velocit,. Consider a charged parallel plate air condenser
with its electric lines of force perpendicular te .Le plates,

Its capacity can be increased either by the insertion of
dielectric material or by the insertion of insulated cond .ting
objects between the plates if the ozjects have some length 1n
the direction of the electric lines of force. This is herguse
such objects will cause a rearrargement of the lines of force
(with a consequent ncrease in their number) similar to that
produced b *hv shift, due to an applied field. of the opposiiely
charged particles comprising the molecules of the dielectric
material, The conducting elements in the lens may thus be
considered either as rurtions of individual condenscrs, or as
objects which, under the action of the appiied field, act as
dipoles and produce a dielectric polarization similar to that
formed by the rearrangement of the charged particles com-
prising 4 non-polar dielectr.. Either viewpuint leads to the
delay mechanism observed 1. the focusing action of wie

artificial dielectr c lenses to be descrised,

Thus, Keck describee the basic priaciples nf artiticial dielectrics,

Fquation {18) to. compuring ¢ _ pernmuttivity of an artificial aieleciric




isa s, ophification o1 Dev. e o dielecrr ¢ theory ot will he used in ths

study and may be alternalely writien as

Na
. P
- e 19
K I+ . 1+ - (19})
o o
where P - polarization per unit volume,

An artulicial dielectric affects the magnetic hield of a propagating
wave as well as the electric t1eld. The magnetic field induces
currents in the conducting bodie « w th the resiuit that the conducting

. . 25
podies act as magnetic dinoics as well as electric dipoles, Lhe
effective permeability of the actificial dielectric 15 given by the mag-
netic equivalent of equation (18)

N
. Ko * N0y (20)

I'h.s may also be written

Na
. 4 (21)
Ko
whei o g = permeatil 'v of a vacuum
18}
N T namher of (onducting object per o velime
a magnetiv polarizapility of 4 s coct
m g
and M. ellective relative permeability of the

ar ' ficial dielectrics
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“ince, in this study, the leaves have been assumed to o randomly

Aigtributed and all orieniativns Late been assumed to be equally hikely,
an averdage countr.bution .o the total dielectric coustant by each leaf
must be determined.

The average contribution of a single leaf is determined by the
following analysis which i8 a modification of a derivation gi* 'n by
Bottcher,?b Assume that all leaf orirntations are equally probable,
Then the number of leaves oriented ir a given &n~lid angle is directly
proportional to the solid angle enclosed. The expression for a differ-

ential solid angle dQ is
dt = sine 0 /'p db '22)

Then, the number of leaves (dMN) oriented in a differential solid

angle will be given by

dN = C sine 8 d¢ d6 (23)
where L = a constant to be evaluated,

If equation(2d is integratea ~ver a 8solid angle of 4n

r 2w
N = SdN - S 5 C sine 6 d¢ dv (24)
0o o

Evaluating{24)a..q sowving for C gives

@]

i1
1
ol 4
~

(61




Therefore,

daN - :‘—:mt—-y— da d (20)
4nr

The leaves, towever, will be polarized by an external E or H field

and will act as dipoles. Since these dipoles will all be set up by an
external ficld rather than being pola~ molecules to be rowated by 1ne
external field, they will be v stricted 1nthe 2 dir- vrion 1o the range
n<f < % rather than being al swed the full ¥ ra..ge from 0 to m,

[aking this factor (nto account, equation {26) must be modified to

AN = =X gine 0 de db for 0 <0 < =
“m 2
_ 90 for = <0 <7 (27)

2

Equation (27) gives the distribution of leaf orientations to which
the polarizing field 1s applied. The polarizing E ur H {ield may be
broke:s up into t wo components {or disc-shaped and needle-shaped
ieaves For leaves shaped like discs, one component 1s in the plane
o! the disc and the second component 18 perpendicular to tae plane of
the disc. For a necedle~shaped leal cne component 1s alung the axis of

the needle and the second "s pr rpondicutar to the axis f the s odle

(Figure 1),




cross section of
ucedle or disc

7

E cosl

F sint

Orientation of a leaf with respect to the E and H ficlds

F gure 14

The net electric polasization (dP) ot leaves in a difterential solid

angle may be written ax

JP - ¢N,a (Ecosd} a (E sine) (28)
en en
- 4
where E 1s the applied clectric field utensiy
acp clectrae polarizability “or K fhwes  sacaitel t the

ma, r axas (or parallel to the length) of the oujedt

a - electric pulartzavihity tor K field perpendice’ vr to the

major oxls(ur normal to e length) o the oot
B .

dN = numoer of pularizable objects anadittereat.al soldd goule
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. o ™ .
“'nce AN is zero over the rarnge 3 <@ £, theintegration is done

over a solid angle of 27 insiead c. +wr, After substituring for dN and

setting up the iatr gratio.

s
z 2
p-{ap- g—ﬁ:‘ﬁ[a cos 0 +a__ sine 0 | sine 6 dg do.  (26)
J m | ep en | ‘
N o

After performing the ¢ integrati~n and removing constant terms

f:cin the integrals

/2 n/2
P = ENa j cos 0 sine 6d 0+ KN \ sine& 6d0. (30)
ep nmo
o
lut
n/2
) sinc0cos0do - lz' (31)
o
n/2
Csmel0do = I, (32)
‘) sine 7
o
Theretore
uc}i %en
= EN- = =1 33
P EN PRl ) {33)
From dielectric theory
P = (K-1)¢ F. (34)
Solving tor K,
h - 1 - -I‘J'-‘ N (55)

[

(V]
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O bstituting equation (33) into equation (35) gives

N %o "m0
=1 = | — =, 36
K ot | (36)
o U -
By a sirailar derivation, it can be shown that
ma a
Ji'=1+-£\I-:r4mp+ ?nﬂ] (37)
My By L |
where
amp = magnetic polarizability for H field parallel
to the major axis (or parallel to *“e length)
of the object
e n’ magnetic polarizability for H ficld pcrpindicular
to the major axis (or normal to the length) ot
the object
v = effective permeability of the artificial diclectric.

Schelkunofbe ard Cohn26 have given the electric a. d magnetic
polarizabilities of several conducting objects of several shapes. For
convenicnce, some of these have heen compiled 1. Table III. Cautious
use of thic table "s necessary since the polarizability of in et “hocte
1s different tor different orwentations of the object wita ros v to the

E and H fields.




TARLE II1

Polarizah.' ¢¢ of onducting Bod.es

I ‘ - Tt
Shape w Elertric Magnetic
| 1 )
|
lThin circular rod a = —ﬂi'-‘-—--— a 1s very small
ep 24 mp
| 3log(—) -1
| a
L |
“«22*] a = area® 1 e = -41fpazf
} cn mn
! l6 3
"Thin disc a = — ¢ea a -0
;’ (’p 3 mp
|
|
' .Iza!" ' [+ } = 0 a Z -
en mn

| |




IX. ML fHOD FOR SYNTHESIS OF THE DIELECTRIC SLAB -

CALCULATION OF "

The imaginary part of the dielectric constant 1s determined by
the use of measured attenuation data. This data mus. oe changed
from the form of experimental attenuation data to the 1mag: i..ry part
of the dielectric constant. In order to make this co.ve.rsion corctarr
relations between a, B, ¢ and ¢ must .- kncwn,

This study 1s concelned with plane waves, Ciuce the p.oposcd
sleb is imperfect, the use of Maxwell's cquations ior conducting
media i8 indicated, As a result of Maxwell's equations, Ramo and
iy 28 . . _— .
vhinnery — give .ue foliswing formulss tor the propagation constant

for plane waves in a conducting media:

eL=e[1+J—‘z-;7J (3b)
and .

Y ¢ atjp = jefpe (39)
where

Y = propagation constant

a = attenuction constant

p = phase constant

€ = complex permittivaty of the materi.

< = vial permattivity of the material

¢ = conductivity of the material




w = 2n{ - angular frequency
—
)=

The complex permittivity is more commonly represeuted by
€ - -3¢, (49)

Combining equations (38) and (40) and separating real and

unagitdre port- results an

¢ - ¢ (4l)
and

e - I (42)

Equation (39) may now be rewritten using ¢'' as

y = a+p =i /ule - je) (43)

Squariig bott sides and equaling real terms and imaginary

terms gaves
2 .
B -a = w pe (44)

2
2ap 7 w € (43)
Solving (44) and (45) for ¢" interms ol ¢ 2ad @ guves

+a . (46)




¢' 's determined by usirg the methods described in the last twe

. . . . 29
clapters. a is determined froin an equation given bty LaGrone,

Attenuation do/meter = 1,29 x 10~ 5(£mc)0' m (47)

or

-4 0,77
a = 1,49 x 10 (fmc) nepers/meter . (48)

This completes the theoretical development.




X. AN .XAMPLE COF THY T"OMPUTATION OF THE PROPOSED
DIELECTRIC SLAB

In order to iliustrate the method a complex dielectric constant will
15,16

be computed for a slab to represent Metz's plot No. . This plot
is described as being 75% loblolly pine and 25% shortleaf piu.. 25 years
of age. The basal area is . iven as 102, 6 square teei (otal with 02,0
square feet being pine:. The remainder s hardwood but will be considered
as pine.

The basal area of each species is computed assuming the 75% and

25% to apply.

22 % 102.6

H}

76.9 square fect basal area of iubluity pine

== x 102.6 = 25,7 square feet basal area of shortleaf pinc.

Lhe volume ol wood and bark present on the acre will be considered
to be directly proportional to the basal arca. Irom Table I at 25 years
of age, the basal area cf a fully stocked acre is found to be 144 square
feet for lobluily pine and 158 square icet for shortleaf pine (from a
similar table),

Thus, fur wood volume

76.9 , 3

— - R y = 3 - o i
Taa 3100 1785 ft~ loblolly pine wo
25,7 399 ft3 hortleaf pine d
1%.8 . 2499 _ shortleaf pine wod

3
FAAE SR GRS |

<3
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e
-\
o
Fos bark volumes 1
6.3 800 = 425 loblolly pine bark
144 B} yF F
é__S__:_ x 620 = 101 shortleaf p1r13e bark
128 526 total bark ft
The forest height will he taken to be the weighted averayge 1or the
two species, Thus,
75 25
= == (56} + — (4 = 52 feet,
Hy = 50 5% * oo 9 eets
The volame of the slab 1s then -
. & o
V.‘3 = (52)(43,560) = 2.265 x 10" cubic feet,
The per unit wood and per unit bark for this forest is determined
by
v 3
v = V\! - 2.045 x 10" _ 9.03"10-4
Yoo Vs 2.265x10
\' 2
1 -
v, = .\_}l: ﬁ;ﬁf’_i-.?(_) =?_,32x19l
’ s 2,265 x 10
The number of leaves per cubic meter will also Lo 'a :0 .5 pro-
portional to the basal area, thus
»
76.4 2
a1 ™ 1250 - 6t loblolly pine needles per meter
25.7 3 ”

a1 N 2410 - 430 shortleaf pine neddles per meter




Harlow and Ha: rarz zive the approximate longth of the nive
needle as 6 tn 9 inches for iobloll, pine and 3 to 5 inclies for shortleaf
pine. Average values of 7.5 inches and 4 inches will be used here,

The cross section o a pine needle 1o very (lose toa 129 seginent
of a circle. For simplicsty, *his cross section will be approximated
bv a circle of equal area. Measur-ments o the laboratory 1+ '.cate
the diameter of this equivalent circle to be approximately . 022 inches,

This completes the required statistical data. The computation
of the dielectric constant will follow the procedure of considering the
dielectric constant resuliing from the polarization of the leaves to be
the dielectric constant ot the media for use it the misture formula,

By use of the leaf data given above and tiie formulas of Table Il
the electric and magnetic pr zabilities are calculated. When the
calculations are com,. tced 11 both species, 1t 19 obvioas that a

a_,a2nda _ can be neglected®
mn en

Evaluating %on for lobloliy pine

! = ,0952 meters
-4
a = 2,8x10 " merers
4ne013 -4
a E e——— . 5,83 x 10 €

R loge(?) -1

Definitions ar - gwven on pages < .nd 43
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Cc sidering only the effects of o.ep. equation {36) simplifies to

Since two kinds of needles are considered and interaction is

neglected

(668)(5,.83 x 10 ¢ ) 430(LArx 10°* ‘)

K= 1+ 2¢ * 2¢
) o

K = 1+.1947 4+ .0400 = 1.2347

Before the example can proceed further, a frequency of operation
w1 nolarization must be chosen, A frequency »t 30 meracve've and
horizontal polarization s chosen, [t is well known that losses will be
greater for vertically polarized signals.

. 22

Using the dielectric mixture formulas of Wiener  the complete
dielectric constant can be calculated, From Figures 8 and ! the
dielcctric constants a:¢ 34 for wood and 2. 42 for bark. [lhese values
and the per unit volumes calculated are used m the Wienc formulas
presented in the meihods chapters. rirst the wood and bark will be
considered as cylinders with axis perperdicular to the 77 field  giving

U= K - 1.2347,
n

See page !




Mow,
n-l
(Y A ¥
v u 1 u
2, 11 K +K
11 i N
Um h n-1 (49)
>‘ y a\.‘ - Kn—
__Jl i K.1 + Kn
1=

Substituting in equation {49)

n = 3

<
"

1 9.03 % 10‘4 per unmit volume

2:32 x 10-4 per unit volume

n, = 3
K, = 2,42

U1 = U& J K3 = 1, 2347

and evaluating gives Um = 1, 2347

Ancther condition on the use of .-quation (12) mnat he checkec,

(50)

Substitution in this inequality (50) g'ves

¢ 42 > 1.2 3.




Therefo .. the computation can proceed.  Using the minture formule

K - K
2.1

5
K1+ U, (>N

- K
T
m

R o=

N
“<
i

-

Substituling the values giver above in (51) and solving for K gives

T

Thus, € =¢''= 1,2370 € farads/meter,

Now using LaGrone's equation (48) for a where fmc - 30 muga-

cycles

a = L4y x 10‘4(fmc)0. - 204 10.3 uepers/meter

Thus, the complex permittivity of the clab may be written

1

€' -je" = 1.093 x 10 - )8.02 x 10'2'0 farads/meter

9

12T - JY9, 00 x 1D )eo farads/meter

See Figure




ARTIST'S CONCEPTION OF METZ'S FOREST
(PLOT NO.I)

F'G ha

/
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DIELECTRIC SLAB RE!RESENTAIIOM
oF METZ2'S FOREST

(#LOT NO I)

FIG. I5h




wi. CCNCLUS;ON

An approximate method for represepling a forest by an imperfect
dielectric slab nas been prevented and 1llustrated by an example. This
method 1s presented as « possible approach to a rathe: difficult prqﬁltsm
rather than as a proven inethod of solution. The usefuiness »f the it
method can only be determined bv considerable experimental voork.

Severdal assumptions have heen made. Some of the more important

\ ones arc:

} {1) That diclectric sminsture theory 13 applicable when
objects and spacingy are both sigmificant »n size
cvagarcd to a waveleng b

(2, That the ¢ffccte of 1interaction between lca\'eé, and
actween leaves and the wood and bark are negligible,

{3) That a single smooth topped homogencous slab
can represent a forest,

{4) Thar lvafl placement and orientation are random,

It was necessary o make these and other assumptions in order to
circumvent problems brought about Ly rncompleie data in some arcas
and avord an excegsive amouat of 1nvolved mathematical manipalations,

Some, 1f not all, of these problems can be solved or mitiga 0 v

additional work in this arra,
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Screral extensions and roefincoment s are possible tn this area

(1)  Farther testing may show that the trec stems
should be constdered as cenducting bodies rather

than dielectric bodies This would neceasitate a

differcent spproach to calculatiag the cffects of the ' (S
wood

(2) A morec accurar - diclectinic theor, whieok tghesy
interaction between leaves, and possibly between
leaves., bark, and wood intu accoont could Le
apphed.

t3; More conductvity and dielecreic mrasurements
on leaves could be rad:: ro determine more
accurately the frequency range in which the
leaves may be conadered conductive,

(4) Ball3o suggcsted ;har his nxperienced indicate that
pinc forosts may artenuate s1gnals an the regron of
30 megacveles por ocond more Yhan hardwood
forests. Faperumnental work 14 needed 1o determine
the sigraficance of Ball s guabtative o%scerval ons
and make possible & more ccurare applic: -0 of
the smperioet diclectric slab concept,

£55  JUmay be po-sihle 1o approxamately evalaate the

b
"R loss 1va forest and determine whether 5t s

r




(6)

(94

a sigmiicant par: of the toral signal attenuation by
using the imagmary parts of the dieli-crric constants
of wood and bark determined experimentally and the

conductivity of the leaves.

it

More than one diclectric slab or perhaps a dielectric

v

slab whose properties vary with height and lc. uon '
could be used to approx mate the ferest. One slab,
for example. might bc used to represent the hiter
on the forest jloor. a seccond to include the under-
brush, a third to 1nclude the stem below the crown
¢nd u fourth 1o represent the crown,

Some means of cons-dermg the fact that the top ol

the forest 14 not {lat maight be devised.

It would be possible 1o 114t sven more things but these will suffrce

to show that muck .5 sr1ll 1o be done

- et Seea—— "7

Lo i WS o 4 . e
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